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In this study, we sre conccrned wita the determinetion end grephical

I. INTRODUCTION

presentation of a self-consistent set of plast wave properties ior a TNT exp'~sive,
These dete csn then be utiiized to predict the chctcct‘ristlcu of the resulting
blast field :nvitonment. It i to be nnted thal a similer study by Beker end
Schumlnl* can be used to predict the blest environment genereted by s Pentolite
exploaive source.

The following sections of this report wiil review the eveilsbls saurces
of experimental date on blesta from both TINT end Pentolite in crder to provide
the reeder with e cumprehensive listing of wuch sources of dete. " The INT dete
from ¢ sclected number of these references vill be compered to the verious
theoreticel predicticn techniques thet ere evetileble, in order to define the
fector(s) necessery to effect egreement between the experimantal date end the
theoreticslly predicted magniudes of these dete. Finally, ¢ series of grephs
will be presented that will provide e self-consistent sct of eir blest paremeters
for cxplesive detoneringg of TNT in afr. Where eppropriete, methods of eccount-
ing for ground reflection effecti and conversion from INT tn Pentolite expinsive
will be discussed.

The previous study conducted by Baker and Schumn1 resulted in ¢ s'~tler
set of eir blast paremeters for Pentolite detonetions. HNHowever, th.s study was
based nn correleting the shock-front peremeters, es compiled hy Goodnn2 from
experimentel date obtained {rom Pentolite detonations, with plots o. date behind

the shock froat obteined from the thearetical predictions of Itoae) for INT

* Superscript numbers denote references in Sectfon VII.
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Jdetonations. Adjustments were made hy the authors of reterence 1 to account ing
the < “ference in type of explosives, end to match the theoretical enalyses with
the experimental dete a'nng the shock fromt. Hewever, the theoretical TNT
enalyses could not be edjusted to exect coincidence with the Perlolite experi-
mentel results; furthermure, Lhe anelyses of Broch exhibited internsl imccrasis-

tenzics that could not be overcome.

Tn thia study. we will ettempt to eliminate some of the inconsistencies

of reference | by comparing TNT experimental data with e theoretical prediction
technique based on e INT detonalion. It is to be noted that the theoreticel
enalysis selected in this study does not suffer from internal inconsistencies
es does the deta predicted by lxodc3. Morrover, this theoreticel epproech
appeers to be the best available et the present time in that it provides Letter
egreem:nt with ectuel experimental da®e than does the theory advanced by Brode.
The self-consistent set of blast paraseters presented in this report
have been generated for DASA under DASA Lontrect No. DA-49-146-VXZ-253. 'Ia
addition, the theorericel computations wers performed by NOL uaing their
'Wundy 75" Code. AAl wishes to ecknot:ledge the ki-. coop- retion of persoansl

of both of theie agencies during preparetion of this repnrt.
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I1I. AlR BLAST DATA SOURCES

In Part A of this section we will suwmarize the contents of
varjous references chat provide experimental dats defining the blast
wave charac*eristics that result from detonations of both Pentolite an:

INT explosives. Tie data vbtained from a selected number of the TNT
references will be used in latter <~~tions of this report to graphically
formulate the self-consistent set ot blast wave properties for this
explosive..

It 1s to be noted that the dats sources discussed in this section
do not represent an exhaustive listing of all available tofer;ncoli
howeser, these sources have been judiciously chosen to provide a represcntative
cross~section of the presently available, ev-erimentally derived, irnformation.
These data sources are referenced in Section VII of this veport.

Following the discussions of thece data references, a compre-
hensive chart that defines the type of explosive, ambient conditims, ihe
scaled distance vange covercd by the collected dats, and the type of
blast wave properties measured in each relerence discussed in this section,
is presented.

In Part B of this sccrion, an evaluation of these data source
references is given in terms of the applicability of the information
contained in these 1ciciénces to the formulstion of a self-conslucent
set of blast wave prupecties, The conclusions dravn in this discussion
will dictite the selection of dara to he used in the latter sections of

this veport.

AIRCRAFT ARMAMENTS, Inc. mSreaamamns



A. Data Source Discussion

The graphical airblast data presented by Baker and Schum.ml
was developed primarily for use in predicting free flow blast conditions
on moving airfoils, The shock front parameters presented in reterence 1
have been extracted Jrom the compiled éxperimental Pentolite data given
by Goodmanz, whereas the data for parameters behind the shock front were
obtained from the theoretical predictions of BroJeJ. Unfortunately,
Brode's data could not be adjusted to provide exact agreement with the
experimental data. Reference 1| recommends the following simple conversion
factors to account for variation in type of explosive and tor.etiect of
ground retlection:

1b 1b

1.1 INT 261 50/50 Pentolite*

and Free Air Weight of Pentolite ag1.” ‘entolite weight
on the ground

The compiled experimental data reported by Coodman .s based on tir available

air shock data tor the 1945-1960 period. As nuted in Table I, thesc data

cuver a range of scaled distancesz from 0.1323 (the charge surface) to

(1 it’lbll] . {(The range of blast parameters presented by laker1 covers

a scaled distance range from 2 tu 60 ft/lbl/‘. since this was felt to

be adequate for the airfoil vulnerability problem of primary interes: in

this reference). The Pentolite exginsive Jensity used by Goodman waa

*  50/50 Pentoisre = SO INT ané 307 PETN by weipht

-t
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1.65 gm/cc. The side-un impulse a2nd duration measurements are less
satisfactory than *he peak pressure and reflected impulse measurements.
Goodman also develops analytic expressions for the side-on and reflected
pressure, and the side-on and reflected impuise variations as functions
of the scaled distance by a least squares polynominal fit to the comprled
data.

The data reported hy Helbulla are primarily measurements
of the arrival times, shock front velocities, and positive pressure phase
duration times obtained from TNT explos.ons, over a rsnge of ambient
pressures from approximately 4 atm .o a vacuum oi a few mm Hé.

Incicded in this reference i{s a comparison of the shock arrival times
obtained from different mixtures of TNT and Al (10%, 20%, and 30% Al),
100%. INT, and PEIN e..plosives. Weibull also provides a set of formulae
that may be used to reproduce the observed arrival and duration times
with great precision. A comparison of the TNT avrival time data observed
by Weibull with dat2 compiled at Aberdeen Proving Grounds, Bailistic
Research Laboratoriee for Pentolite expianive {s given in the Appendices
of this report.

Doll and Slluons present data ohtained from a carefully
planned series of tests using 2500 lb of TNT as the explosive scurce,
Unfortuanrely, the response time (3.5 cps) of the recording galvanometers
apperars to seriously limit the usefulness (and correctness) of rhese data,
When piotted on an overpressure-scaled distance diagzam .. data of Doll
and Salmon are in disagreement with similar data from other source:; the

geak pressures are too low, indicating that the recordin;: system missed the

true peak becanse of an excessively lona rervonse time charas Lot ialse .




As noted in the introductory paragraphs of the report by
Fisher and Ptttman6, the primary intent of this work was to demonstrate
the difficulty of de‘onating small charges of INT and to describe a
number of ways of recognizing poor TNT detonation processes. Jn ad2iiion,
inis report indicates that placing the booster half in and half out of the
surface of a one-pound cast INT chavge, in contrast to central initiation,
results in a detonation that produces the accepted peak air blast pressure
and impulse magnitudes.

Although the major emphasis of the data reported by Baker
et al’ was to demonstrate the effect of fog and rain on the air blast
characteristics from 1000 lb Pentolite charges, there were several recorded
test events accomplished during clear weather, The reproducibility of
these data 4s quite gcod; from a series of eight tests, with three gages
at each radial lucation, the standard deviations of the peak ovcrpressures
vary from 0,08 to 0.5 psi, for a range of overpressure of 1.22 to 11.03
psi. A significant result of this test series is that the ground reflection
factors computed from a comparison of these data with the free air data
of Cocdmanz cover a range of 1.88 to 2.34 for increasing scaled distance.
Ovbiously, for a detonation very close to the ground, a reflection €actor
grvater than 2.C is impossible, since values equal to 2,0 imply peifect
reflection.® These results indicate that Goodman'lz data is probabiy in
error for the large: scaled distance ranges, since the data collerred hy
Baker in this recport f=, as noted above, almost free from experimsnral

inaccuracies,

* For detonations abuve the ground where the scaled height is an appreciable
tractivn of the scaled distance, teflvetior o fficicnre preater rhen 2.0

can be realized.
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Reference B contains charts and graphs showing the effects

of explosions es functions of such variables as charge weighi and compositio.,

type of weapom, distence from detonation, etc. The data sheets conteined
in this report ave designed for use in prediction of the vsrious character-
isticy essociatel with delonstion of expiosive charges. As such, this
report is not a data reference veport, but has been included in this
discussion because of the unique manner in vhich the prediction charcs
are designed.

The data of Koffman and Mi11s? presents maasurements taken
from detonation of 50/50 Pentolite spheres of 1/2 = b 1b in weight. The
sidseon and reflected overpressure data and impulse and duratlo;\ tine

messurements given in this report have been incorporated in the compiled

duta report by Goodunz.

The reflected impulse measurements seported by Oluonm vete
generated from deronation of 1 1b Pentolite spheres under reduced ambient
pressures simulating altitudes up to 100,000 feet. Analysis of these
data indicates that the impulse magnitudes scale according to Sachs' Lavs,
as discussed by Sachuu and Dewey and Spﬂruuu. although this is to 'bo
viewed with caution, as noted by Olson. This is primarily due tn the
fact that on? of the i.. ilre measurements, when scaled according to
Sachs' Law falls insice the charge surface (2 = .1323 !tllb‘“). The
measurements takea by Dewey and Speu:nuu. and subsequent discussicn of
the scaling proccdurez verity the besic assumptions applied by Sachs in

formulating the scaling lawa. (See Part A of the Appendix section of this

veport for a brief discussion of the relevaat olast wave paramcrers formiiated

{n tecrs of the Sachs' scaling relaticnstlps).

?
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The ccapilation of blast data preseared by Houltonl3
Incugporates both HE (TNT and Pentolite) and nuclear blast phencmena.
The HE data presented in this reference have been extracted from various
sources; “he data of Hclbulla is used to lllult!lt; overpressure functions;
Fisher's and Pittman'séreaultl have been used to illustratc the impulse
functions resulting from detonation of INT charges, and the data of
GrnnltrSmla has been used to itilustrate shock duration time parameters and
characteristics of the negative pressure region. This extensive, three
volume report is, at the present time, undergoing revision and unrdating.

The report by Grovu15 describes a technique ok determining
the blast induced overpressures frem distance-time observations of the
motion of the shock front. Included with the overpressure data of this
report is an estimate of the percent error of the various measurcments.
Over a range of peak overpressures from approximately 3 psi to 150 psi,
the percent error associated with this set uo{ measurements is less than 3.

The report by Dtuey16 describes a metho’ of determining the
particie velocities associated with a bLlast event that ¢mploys high speed
photaography of ermoke trails formed close to the charge just b;fn'o
detonation. The displacesent with time of the smoke tiail+ ran be measured
from the film record and the velocity of the smuke calculated. Analvsis
of these results gives the particle velocity-time history. The two 5 ton

INT Jenotations used in these tcats werc also analyzed to provide reflection

|
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facters of 1,70 and 1.88, However, the same test duta as analyzed by
Grcvesl7 indicaces reflectinn coefficients of 1.76 and 1.60 respectivaly.
Unfortuantely, these two references do not clearly describe tha data
reduction techniques used to achieve the quoted reflection coefficient
magnitudes , hence, no judgemen” can beé mads vegarding the correctness of
either report., Groves compares the measured IN: data .ith th~ theoretical
prediztions of !roch in terms of reflection coeffici»nts, 'vith the result
thst Brode's overpressure prsdictions appear lov for large scaled distances.

! vhen comparing the Pentolite

A eimilar conclusion is reached by Baker
data of Goodnn2 vith the theoretical predictione ol ltod.’.

The 100 ton INT detonacion test diecussed in reference 18
involved the uee of a hemispherical charge placed on the ground surface
and vae designed to provide measuremente of surface and evb-surface blast
phenumena and to etudy effecte of blast on various targete and ia tunnels
sné underground chambere. The 20 ton TINT detonation teet reeuite presénted
in reference 19 were designed to resolve small, but cunsistent discrepancies
that appeared in previous tests and data collection pragrams. Complete
discussions of the various types of instrusentation used is gkven in addition
t> tabular and graphical forms of data presentation. The susmary report
by Deutyzo it not very useful, since this reference was merely ae.igned
for presentation at a technical meeting. However, this report indicates
that peak air velocities determined by the smoke trail technique for 8 rn 100 1b
spherical charges of TNT agree quite well with the predicted, or expected

velocities. The duration of the positive pressure phase is greater than

AIRCRAFI ARMAMENTY, inc. saar-wmases



expected (- ~nared to Brode's’ theoretical analyses), The discvssicn of
a Pray a.  gtion technique used to determine the time history ~f the
air density in the blast field s perhaps the most interesting part of
this reference.

Although the report.oi Shear and wughtzl is primarily
theoretical in approach, it does present experimental-theoretical correlation
data (for peak nverpressure) based on the experimental data of Goodnanz.
Fisher and Pittulns. and reference 19, The two reports by Rudlinu'zJ
contain discussicns of the basic physics of the explosive proc¢ess during
the early stages of the detonation wave and subsequent airshock phase.

The photographic data obtained for the very early times in the detonation
process is intended to reprcsent the first in a series of efforts to gain
knowledge of the basic physical characteristics of the detonation=-shock

vave formation process. The primary objective nf the experiments was to
examine the validity of Saché’' scaling procedures under the assumption that
the airshock is independent of the explosive details, The density of the
INT charges was varied from a density of 1.01 gm/ce (loose powder) to

1.625 gm/cc (cast TNT) with the result that, at least, the airshock pressures
were indepenlent of charge density and dependent only on the energy ) eleased
by the detonation, Klngeryz“ he:. prepared a reporet that is primarily in-
tended to cover the administrative and gross techni al infurmation for the
forthcoaing "Operation Snowball™. Huwever, this report does include tadular
and graphica: data of predicted overpressure, impulse, positive duratiou,

arrival time, and dynamic pressure versus distance for SOC ton INT surface

detunation, as extracted from the data of references 18 and 19,
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The report hy i‘uim'zs presents overpressure acnd iwmpulse
weasurements from detonations of bare spherical cast TNT charyes 6.5 inches
in diameter weighing ajproximately 7.85 1b, These measurements src compared,
with excellent agreement, tu the experimental peak prassure~discaace

weasurements by Stoner and llukmy“ and vith the theoretical pressure-

distance curve for cast INT generated by Kirkwood and lﬁ.nkloyn. Since
the data of Stoner and Bleakney was obtained from denotation of Yertolite
charges, the comparison made by. Pisher in this report involves the computation
of the magnituse of the factor required to convert from a TNT to Pentolite
base., For scaled distances xenging from 4.5 ¢t 11, Fisher finde that the
vweight of a TNY charge required to produce the same overpressure at the
same scaled dlstance as generated by a Pentolite charge varies from 1.09
te 1.25, As noted previcusly, l.hr‘ recowmends a sagnitude of 1.1 for
this conversion factor. In addition, Fisher compares the peak overpressure
computed from knowledge of the shock velucity using Lhe Rankine-Hugoniot
equation for ideal gases® with the measured peak overpressures, agsin with

reasonably good agreement.

* See Part B of the Appendix srction +f this report for a sumary
discussion of the Rankine-Wugoniot relatiomshipy,
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Referance 28 discusses in several sections the methods employsd to
determine vsrious blast wave parem .. :s from & 100 Ton INY detonation in August
1961 ot the Suffield Experimentsl Station blast uutu'; sita. Unfoctunataly, no
resultant dats are givan in this report, However, the report by Kingery, at sl”
pressnts overpr.siure, impulse, durott9n. arrival time, and dynamic pressurs dats
asasured during the same tast. Thesa data ere compared to pradicted curvas
sith very good agreement. S$inca no ground raflaction factors ere given in this
raport, the raported Cats cen not be used to provide s set of “fras-efr" blest
pJarameters, Huwever, once such @ set of free-eir data is detarmined from other -
sources, the data reportad by Xingery et el can then be used to d;tonlu the
ground reflection coefffcient(s) epplicable, ot laast, over the rn'p of sceled
distances (1.67 € 2 £ 46.4 £e/10 /%) 4nd type of carretn covered 1n chts 100
ton detonation,

The data to be presented by Rustanik snd l.wu” in & forthcoming
publication was collacted during & series of tests designed to eveluate e‘-
slfects of a blest environment on moving sirfoils. The results of these tests
vere obtained trom e set of carefully calibreated, fest response msasuring end
data vecovrding instrumentation. A scaled distance range of 5-15. : 73 ¥
covered by this series of eight data collection runs, Overpressure, d.ratiom,
and arrivel time wers obtained from these tests, (n addition to dats comcarning

the response of the tast serias of airfolls.
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The report by Hahcrn is presented here primarily to incorporece the
reflection coefficient dete presented in reference 31 in this etudy. Pisher's
results indicete that the messured, everege reflection coefficients varied from
1.85 for e hard cley eurfece, to 1,99 for a2 perfoce reilector simuleted by the
‘atersection of shock fronts from two identica) -pﬁctlcﬂ. chargee flied simul-
taneously. The tsbuleted results ir reference 31 ere presented es functions
of the sceled height of the chrrge ebove the grovd. The overpreseure, impule:,
end duretion data given in reference 32 ere presented for e scaled distence
renge between epproximately 1.5 ££/161/3 to 22 £e/1033. Unfortunacely, the
asbient pressure end tempereture ere not given in this referencd. As noted
previously, without thesc awbient conditions the da_u can not be epplied to the

esveluation i:opu diecussed in this report.
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The following table summarises tlic fnformation and blust wave b
parameter data to bde found in the data veference sources that have been
discussed in this section. A definition of the symbols used in this table fi

follows the .abdble.
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QEEINITION OF SYMROLS APPLIRD IN TAME I

Defintrion

Ambient Pressure
Anbient Temperature

Scaled Dlstance
Distance From Charge Center

2ffective Free-Air Ugight of Chorge

Peak Side-On Overpresswre

Teak Reflected Overpeessuce
Peak Sids~On Positive Impulee
Foak Reflected Positive Inpulse
Particle Velecity

Shock Velw tey

Pesitive Duvatien of Overpresewre
Shock Arvival Time

Time Nistory of Overpressure
Time Mistory of Pavtisle Velesity
Time Ristery Denst.y
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B. Eveiuation of Avot!.cblc Data Sou:ces
1. Generel Comments

In genersl eny reference Lhal pruvides informaticn on the
blast parameters essocisted with the detonation of en explosive charge, es
exemplif’ad by the data sources discussed in Part A of this section, does not
provide complete data unlees the ambient pressure end tempersture (or equivelenmt
embient sound speed) conditions inder vhich the date was collected sre specified.
Without knovlsdge of these embient conditions the scaled blast parameter
reletionships, summarized in Pert A of the Appendix section of “his report, can
not be computed. Direct comparison of the blest dats from vartogc sources can
not be eccomplished without first reducing ell deta to e consistant sct of
env.ronmartel conditions, s provided by the Sschs' scaling reletionships. Hence,
of sll the date sources discussed in Pert A of this section, only those that
define the mugnitudc of these ssbisnt conditions will prave erful in rhe lster
sections of this report,

In eddition, many of the data sources consulted during
preparstion of this report do not report “{rse-eir"” blest parameter date; 1.e.,
these references provide date that incorporstes en unknown (since {t is unreported)
ground reflection coefficiunt, Buch data ere not sdequate for uss im defining o
consistant set of {rec-sir blest parametar data; howvever, they ere useful in
establishing the magnitudes of the mround reflection coefficicnts once che
free-air blast charecteristics have been defined {rom ather sources that provide
divect, f{ree-eir date. Of those data sources that p.uvide free-air blsst
characteristics, it hae been noted thet the majority of the expeviments) over-

pressure end shock srrivel time dats extrected from the vsrious source n.leuuceu
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tend to sgree with one snother quite well. Unfortvnately, this is not the case
with reapect tu positive phase duration time deta. (The date of Ruetenik and

30

Lewia® is probably the best source of internally conziatent duretion time data,

/3 v 3 w15 fe/10 3.

at leaat over the scaled diatance range from Z = 5 ft/1b L
Positive phase durition time date is the critice' information n~edcd Lo generats

a set of self-conaistant blaat cheracteriatics, since the vesultent character of
the particle velocity and denaity time-hiatoriea will be dependent, to ¢ lerge
extent, upon the correlation between the theoreticelly computed end experimentally
measured overpressure time history characteristics.

Finslly, since a self-consiatent set of blest paramesters
resulting from Pentolite detonatiuna hea been preaented by Baker and 8chunm‘.
the primary emphasis of this report hea been directed toward providing ¢ similer
set of parameters for INT detonstions. Hence, the remeinder of this sectiom will
be limitad to ¢ specific eveluation of the INT dats aourcea summsrised in Table

T, Part A of this aection.

19
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2. Evaluetion of Specific Dats Sources for TNT Deton-tions
The experimentel data reported by Hoibull“ has been used in
the letter sections of chis report to provide ¢ segment of the axperimentelly
datermined blast field parameters. Iu is to be noted. that the Renkine-Hugoniot

33>

conditions and.the dete of Sheer end Day were applied to Weibull's reported

dete in crder to determine the magnitudes of the shock front overprisdsure functioas,

As ptavlou;ly noted, the overpressure dete reported by Doll
end s.lmons drss not egree with other overpressure date. This is probebly due
to the limiting response-tima cherecterisrtics of the meesuring 1F|trum¢ntotion
employed in reference S. The dets presented in reference 6 is elso epplied in
this study, sincc it 12 in ressonsble agreement with other linilor_dcto. It
is to be noted thet an embient pressure of 4.7 psi was essumed for purposes of
sceling these dete,

Although the dete sheets presented In reference 8§ do not
illustrete ectusl expcrimentel dete points, tha curves drewn in this refarence
were used in the preliminary stages of plotting rhe final curver given 16 this
report, This was done merely to insure that the genera) trend of the experimental
dets. and nf the theoreticel celcuiations, did not deviete by large orders of
magnitude from the predictions given in reference 8.

The various curves presented in reference 13 ere, ¢s noled
previously, based on the experimentel data reported by Heibull‘ end Fisher end

?lttlln‘. Hence, implicit use of the date conteined in referenca 1) has been

* The Rankine-Nugonjot conditions ere velid onty if fie strength of Lhe shock
is not sufficient to induce dissocietion. Above overpressures of appruiizates
ly 4.5 stmospheres, the data of reference 1)) which eccounts for dissocietion
effects should be used.

20
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accomplished in t“is study. 1In addition, the duration dsta of Granstrsh“

illustrated in reference 13 has elso been epplied in this study,

The dete reported by Grov.lls. and amplifiad {i reference 17
hes elso been found to be appliceble in this study. Ibunvcr. the seme duretion
date rezorted Sy Deu!y‘6 eppeer too high by epproximately a fector of tus, 1in
additiva, the ground reflection coefficients i reference 16 do not agree with
those of reference 13 (or equivelently, referance 17). The date reported in
raference 18 i{s not applicable to tha study discussad {n this report. Tha lats
given in reference 19 {s for a ground burst datonation. Unfortutataly, mo ground
reflection cosfficiants ere dafined in referance 19; hanca, these dets cen not
be usad to define tha frea-eir charecteristics of a INT detonation. Howevar,
once the experimental ovarpressure-scaled distence ralationship had been established
from the deta of references 6, 17, asnd 25, ceflection coefficients were computed
to effect agreement between the plotted dete end that of refarance 19. Tha
duretion end srrivel time dets ~f reference 19 were then modified by thase
raflaction factors end applied to the appropriate "free-eir" time-sceled distance
plots in order to more completely define these blast perameters,

As noted previously, the limited dets given by Dcutyzo is not
tn a form that lands itself to applicetion to the manner of presenting the dets

given i{n this report. The dete illustreted by Sheer end Hrlghtz‘

has been
obtaincd from references 6 end 19, end has therefore formed e part of the deta
used in this study.

22,23

The data presented by Rudlir is outside the region of

interest in this study (reference 22) end can not be satisfectorily extrected

21
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trom reference 23 becsuse uf faterpulation difficulties that ar’se du: to the

24

wanner fn which the data ave reported, The curves {llustrated by Kingery

are not applicable to determination of the frae-sir blast anvironment, since no

ground retloction coefficients are defined in thia reference. The overprassure

- 2
data reported by Fisher J is applicable to this studv 'i»:! has been used. Tie

data given in referenca 29 is for s ground burat and doas not presant ground

reflection coefficient magnituden, These dats wera usad, however, tn the same

mannar &s previoualy discussad for rcference 19. The data of Ruet¢nik and Lewll’o

are accompanied by reflection coefifeiant magnitudes and ara therefore directly
applicable to establishing tha frce-atir blast charactaristics of 'a INT datonat(on'.
The overpressure duration time data estadlistiad in referance 30 do not exhibit

aa much scatter as do orher duration data obtaincd from other aources., Unfortun-
ately, the data of reference 30 only apan a scaled distance ringe from approxt-
mately S to 15 Itllhl/3; hence, the theoretical-experimental comparisons evalu-

ated {n this report must rely on lesz reliabhle duration data outside tha scaled

distanee range covered {n reference 30,

bond  owed  femnid

The two Pestalite dewtationsg fncluded tn these Jdata agree quite well with
the curves presented {n Retference 1.

el oo §

{
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T11. AIR BLAST PROPERTIES INFERRED FROM THEORY
We will discuss in this section the techniques euployed by
various investigators for analytical prediction of blast waves frcm cone
ventional cxplosfives., Because little work of this nature was published
during the decade 1947-1957, we will firse briefly constder the theoretical
work accomplished prior to this time. We will next consider more recent
(and more complete) predictions in some detail.
A. Theory Prior to 1947

Before World War 1I, essentially no theoretical predictions
had been made of the characteristics of blast waves generated by any type
of cxplosive source., Because of the nevd for such predictions during
the war, intensive research was carvied out in blast theory for bath cone
ventional and nuclear weapons, in more or leea parallel efforts. The
vesults of the early calculations for blast f{rom nuclear weapons {the so-called
Los Alamos "M Problem") ace sumearized by Fuchs in reference 34. Slace these
resulte do ant atriztly apply to the subject of this report, we merely mention
them here for sake of complet.nesx. The majority of the early theoretical
sredictions of alvr blast [vowm conventional explosives were made by Kirkwood
and Briukicy, in research conducted under xponnorship of the National
Lefense Rescarch Council (NDRC). Their work is reported in a number of
NDRC monthly progress reports, and in scveral sumaary report127' ¥, 3‘5.
Hakino37 has summarized the Kirkwood-firinkley theory, and compared it with

such experimental data as existed at the Lime of his report (1951),

2%
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From the Xirkwood-Brinkley theory, une can obtain predictions ¢: peak
overpressure, positive fusulge, and positive phase duration for free-iir
bursts at sea level of spherical Pentolite and INT, from the surface of the
explosive chavrpe out to scaled distances of <iightly less than 30 ft/lbl/J.

¥ prediclions can be made of timec histories of various blast parameters,

at either fixed or moving points in space,
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R Rerant Computatione
1. Brode's Theoreticel Anelyses

Brodej'Js'Jg’“o'“1
solution of the fiow paramerers behind shocks which i; spplicable to e
number of dltt‘ront cases. In genersl, the technique involves the nae of
Rankina-Hugoniot condicions in e numericel tntegretion of finite difference
equetions. The difference equations sre solved step by step end, in the
limic of {rfinitesimal differences, converge to the exact differentiel
equations of hydrodynamic fiuvw {n Lagrsngisn form. To svoid the difficuleies
vhich srise from the discontinuitiss {n the flow parsmeters when traversing
s shock, Brods smployes the srtificial viscosity technique developed by von
Neumann srd Mchtnyar“. The computational method cen bs applied to sny
problem {nvolving the spherical f{low of gasses behind s shock wave {f one
con formulste the equation of state for the gasses involved, and can determine
the totsl blsst energy rsleased on initistion of the shock.

A detsiled discussicn of the problems Brode has solved
isdng Lhe abuve Ledinique L8 prescnted below.

a. Point Source Explosion (n e~ Idsel Cag (7 = 1.4)

A point source sxplosion {s one produced by the

instentenecus release of energy from sn infinitely small, concentrated
soarce, It diffcrs from the blsst genersted by th detonation of sn explosive
charge in that no high temperature, high pressure gases are generated, snd

the flow consiats only of the propagation of a spherical sh.ck wave into

25

has developed ¢ numericel technique for the
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the swroanding medium,  Brode has calculated this preblern out to a shock ?
overpressure of 0.1 atmospherce for an ideal gas with 7 = 1,4, The results .
presented are peawn vverpressure, peak dynamic pressure and peak particle =2

velocity as functions of shock radius; total prossure, particle velocity,

e md

and density as functions of lagraniar distance; overpressure, particle

leomsasth

weiocity, density and compression in units of their peak values as functions

of Eulerian distance; duration of positive phases for pressure and particle

4
velocity and positive and negative impulse as functions of Eulerian distance, 3
and peak dynamic pressure as 4 function ot time in units of positive duration ?
of velocity. The significant teature ot these resulcs is thelr.departure =
from the Taylor strong shock curves 43 at overpressures below 20 atmospheres. E

b, Point Source Exptosion in a Real Gua 3

own ¢

The solution to this problem isx the same as that

for the idcal gas case except that the calculatlor ewploys the equation of

o d

state fur a real gas (air). Computed values of the [low paremeters are pre-

sented in the sam: format as hefore, lere the peak overpressure-distance 7
curve lies below the same curve for the ideal gas case for shock pressures :@
over 10 atmospheres. Thereafter the faeal gas assumption ls reasonably valid, -

c. Blast Frow an Isothermal Cas Sphere 88 T

The gas dynamics arising from the sudden rele.se of
an initially static, high pressure, isothermal gas sphere are tundamentally
different from those for a point source. lowever, the general computational

method described before is also applicable in this casc. Brode has carried

26
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out Lhe compviatiovns for an fdeal gas at three different inftidl comditions
and comprred Lhe results with the point source solution, Two spheres were
Initially at 2000 end 121 etmospheres end high tempersture (norms: density)
while the third, et 121 etmospheres initis] pressure, had equal {uternal and
external temperatures (high initial density). In this cese ths leading
shock is strengthened es much as 20 percent after s period of rime dus to
the effect of a sscond shock which overtekes the main shock. At incressing
distences from the origin, ths blast wava from an {eothermal gas sphers
begins to convarge to the point sourcs wave snd the iwo will coincids
(within 10 percant) aftar ths sherk wave hes psesad through s mass of gas 10
times ss large &8 tha initis]l mass in ths sphars., Prior to this ths shock
strength {s less than that of s point eource shock,
d, Blast from s Spherical Charge of TNTJ

In this case the numerical calculation usas the
equation of state for TNT given by Jones and Htller.‘b snd an equation of
stete for air determined by firting a curve to the computed data of CGillmore,
and Hilsenveth end Bechot.66 Initial conditions {nr the problem sre the
detonation front conditiuns, es calculated by G. 1, Tcylor." at the in-
stant the front veeches the surfeace of ¢ bare sphericel charge of TNT
having ¢ losding density of 1,5 wi/cc. The alr outside the blest Vrort is

taken to be at standard see level conditious.

3
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The results of ghe computations yleld valics fur the corwon
blast wa. e parameters both at the shock front and in the region behind the shock,
extending back iuto che negative pressure phase. These resuils are presented
graphically, and for peak overpressure versus distance.they are comnured with
the theoteticrl.results from Brodes eavlier works fo- & point sourc. eapiosion
{r wir and in an ideal gas of 7 = 1.4, and with Granstrin's'® ompirical curve f

for TNT at 1,52 gm/cc loading density.

It is specificaliy noted that the calculated results are

valid only for bare spherical TNT of 1.5 gn/ce lnading density detonated in a ‘}
standard sca level atmosphere, and cannot be scaled to other atm&lphettc condi- .
tions without a simultaneous and proportional change in the charge loading denaity }
and dctconation wave conditions, 1In addition, the results seem to lack internal ..
consistency as evidenced by valies of the 'ame parameter that differ by more A

than 10% vhen read from different curves. S'nce the peper does not repo-t
results in tabular form, hut only by means ot graphs, it iz not possible to
detueruine vhether this inconsistency i inherent fo rhe valenlations, or {x due
to careless plotting,
e. Sphurical Shock Tube Blasts clatd
The numerical calculations are carried out for the explosion,
in air, of glass filled spheves of air and heliuw at high pressure and d:nsity
(smbient temperature)., The computations and rexulls «ce analogous to those »f

the isotherwmal sphere problem, but for real gasses, and are more characreristic

of a high explosive blast than an ideal fsuthermal gas s-uere.

28
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2. Computations of Mdkino and Shear

Makino and Shenr“gbnva developsd a computationsl technique to
determine free eir blast paremeters behind the shock front based on known shock
front persmeters. The method involves the replacement of the hydrodynamic flow
equations for the sphcrical flow of e non-conductive, non-viscous ccmprassible
fluid by s system of cimiacteristic equations, The charactaristic aquations
are writteu in finite difference form, using first differencas only, and are
than solved numerically, The initial conditions for tha computation ara the
fras air shock front parameters for sphervical 50/50 Paitolile darivad from
Goodman's® fitted exparimentsl curva and the Hugoniot aquations. ' For scaled
distancas greater than Z = 19,4, the Klrkuood-lrinklay” asymplotic solution
is usad.

The authora hava limitad thair computstions to tha flov ragion
bounded by tha shock front and the air-axplosion gaas intartaca, due to uncartan-
tias about the equation of state for the axplosion gasas. Yor acaled distances
grester than ZAS 2.04, tha computatinng ere only carriad back to a givan charsc-
teristic curve dus to computar limiislions,

Th: results ere presented in tebular form for the runge of
scalad distancas 0.132362 8 1.8 and in graphical form for 0.1323 €25 1085,
However, Lhe euthors feel that ths calculated results beaed on the Kirkwood-
Brinklay asymptotic expansion are questionable, attributing the error to inherant
deficiancias in the asymptotic formula

3. Naval Ordnance Laboratory Computations
The Air-Ground Explosions Division of the U. §. Naval Ordnance

Laboretory has recently devaloped e computational technique to calculste el the

29
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blast wave parameters for 1 1b of TNT detonated in free air at ses level
cundltluns.so
The wost important new approach in this technique I8 the use
of the Landau-Stanyukoviteh cquation of state for the detonation products of TNT.Z’
Thiz equatfon yields the corcect ChapmansJougnet conditions und alsv tends to an
tdeal gos with . - 1,26 as the deasity docreases. For the reglon outside the
zone contalning the explosion gasus, the program uscs an appropriate equation of
state for rcal aifr, based on the work of H(I:enrath.SI
The program sclves the one dimensfonal wydrodynumlc vquations
of spherically syvmmotric flow usfing standard finite difference techniques. (Options
are aluo included for problems invelving plane and cylindrical u;maet:y.) Shocks
ave hondled by the artificial viscoslity methnd,
The caleculatione ave carrici out over the region exten'ing
from the leadine shock wnve back to the charpe ceantér. This veglon is divided
into )00 zones vhich may be further divided arung as many s 30 different veglons
or materials. A varlable, interrally calculated .ime step is also included,
In order o reduce rumputing ¢im , the program includer tour types of reraniug,
The vutput subroutine prints zables of tutal pressure,
specific volume, particle velocity, temperature, etc,. versus distance at [ixed
times. Units arve in the cgs system with presuure (n megohara, The oulput can
130 be presented graphically if desired,
The subscyuent sectlons of this study will use this computa-
tional technique as the Lheorctlical basis fuor the cuonparison betueen theoretical

predictions and expurimental measurements of tie blaat - rameters fros {ree air

detonatiuns of TINT.

30
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1V. COMPARISONS OF EXPERIMENT AND THEORY
A. Shock Front Peremeters-

The free air blest shock front ps-smeters computed by the NOL
"Jundy 7% Code desceibed in Section 111.8.3, were compared with compiled
experimental data extrected from the ver.ous sources discussed in Secricni il.A
atid 11.8. A deteiled discussion of the results of this comparison, and the
correction fsctors epplied to wake the computad velues fit the experimentel
dets, {s presented in the following paregraphs.

Sincs the artificial viecosity method used in the theorstical
calculation of the shock front paraseters Ls~ds to obscure tle trua position
of the shock frunt, it ves uM that the instantaneous time-space position
of the shock fron!, coincided with the pesk tabular velus of overpraisurs gives
in tha computer printeout sheets (sce Figure 1). The shock errivel time deter-
mined by this approach wes then plotted against scaled distanes on log-log
poper, Euperimentally detarmined veluss of the errival time weis next plotted
on the same sheet in order to determine how well the theoretically predicted
velues {it the experimental data. The results show that the theory is ia
oxcellont agreement with experiment when predicting shock errival time, and no
furthar corrsction is required.

This same correlatisn technique war them epplied to the other

shock front parametars (A'g 0 -.2 and f ). In gensral, Lhe theoreticelly
| 4 ° o
°

predicted magnitudes of these paremetars were significently lover tham experimens
cal velues at the samo scaled distances, requiring the applicetion of edditioml

correction factora in order to briag the theory into egrosment with sxperiment.

3
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‘The necessary correction tactors for each parameter were determined by computing

the experimental to theovetical ratio for that parcmeter at discrete points

over the range ot scaled distances ifnvolved,

For example: CAP AL Aps e :
4 g

‘ s AP. theor. z
In genural, the correction factors determined by this approach were asseuilally
cunstant over rather large ranges of scaled distance. The values determined
for the corvection factors to be applied to the various shock front parametars
are given in Table 11,

Table 11

Blast Wave Peraweier Corgection Factors

Parametor [ Scaled distance where applicable
1 221
API f
1.20 >l i
0.916 =]
u 1.078 l=2 3.1
1.165 5.1 <2
1.089 Z=s
o
* |+ 2200 s=2
2l 140

It ahould ke noted that the sc-called evperimental values of posk
particle velocity and peak denaity uere calculated from the experimental data
for peak overpressure using the tables given by Shear and Url;htn. The shock

velocity, vhich vas nor calenlated by the NOL code, was determined from the

corrected peak overpressure uming the same tabiecs,

12
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Figure 1
OVERPRESSURE CURRECTION TECHNIQUE
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Figure 2

TIME CORRECTION TECHNIQUE
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B, Time Histories of Klast Parameters
The only experimental data availabla that will provide a comparison
vith thevretically cuwputed time histuries of the various blast pacameters is
the time duration of positive overpressure. This comparison was accomplizhed inm
s manner anslcjous to that used in part A of this section. The results showed

that, if the theoratically predicted duration of positiva phase,at a givan

poveny  peeed wews  ameN

scaled distance, was datarmined as tha time from the start of risa in prassura

o a—

.

ahaad of the shock to the time tha prassura again raturned to the ambiant

condition, the theory and experiment wera in satisfactory agraement for scaled

dtetancas lass than 11,3 £¢/161/3, At larger scaled distancas, this method

oy

tonded to ovar astimste the duration of positiva ovarprassura, raquiring the

spplication of an additionsl corraction factor to the start of rise tima,

i The corracted time historias of ovarprassure wera then obtained
in the folloving manner: It vas assumed that tha corraction factors determined
in part A of this saction also applisd to overpressuras behind the shack fronmt.

P In order to plot lines of constant ovarpressure (corractad for prassurv unly)

on a 2-t plot, the desired value of ovarprassura ves divided by the appropriste

o

eorraction factor, yialding the corvasponding uncorracted value to be foumd im
the computer output sheets. This is schematically shown im Figura 1. The

E and t valuss corvasponding to givan values of ovarprassura wera they used to
) generate the limes of prassura-corrected constant ovarprassura on 8 -t plet,

In addition, lines reprasamting the first shwck and start of rise of prasesura
! wera placed on the same plot. t‘.urncn‘d time histories of overpressure were

then obtained by graphically shifting the start of rise curve in the I divection

b }]
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to coinclide with the first shock curve, and then shifting all curves behind the
first shocl the same amount in Z as the start of rine rurve,

The corrected time histories of particle velocity (ul. ) and density
ratio (p/p ) were then obtafned in he same manner. °

g. Ground Reflectlion Factors

The following table llsts the refleclion factor(s) either given
in, or computed from the data of the specified reference. These ground reflec-
tion factors are the coefficients used to compute the effective free-air charp:
weight; f{.e., the weight of charge requived in the absence of a (ground) reflect-
ing surface to generate a blast weve strength (overpressure) oqugvn\ent to that’

produced by a charge in the presence of a reflecting surtace.

Tahle 111
Geound Ref{lection Facturs

Reference Iype of Surfs-e Reflection Factor

! coee 1,80

17 cee- 1,60 « 1,76

19 cene 1,69

29 eree 1.39

k) hard clay 1.8%

= perfect reflector 1.99

2 veter 1.91

1t is to be noted that only reference 31 clearly specifies the
magnitude of the reflection coefficient as a function ni the type of ground
retlection surface, The data of Rudtenikso alsu presests reflectivn facturs,
hovever, the megnitudes of these factors indicate that a modified defuition of

this coefficient has been used in this reference,
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D. TNT-Pentolite Conversion Factors
Tahle 1V lists TNT to Pentolite conversion fectors extracted from
the sources cited in the first column, Thuse conversion fectors are simply the
weight of TNT necesssry to obtain the ssme overpressure, et e given distsnce, es

obtained from the detonstion of 1 1b of Pentolite.

T T

Teble 1V
B iN(~Pento)ite Conversion Factors
2_ Retferency t lb",) Sonverelen Pector
; 1 eee 1.1
%' 2 4.5 1.09,
r < . 8.0 1.13
f’ . 6.0 1.18
k . 1.0 L.22
. " 9.0 1,23
! " 11.0 1.2
‘ A similer comparison between tlis exparimantel dats for TNT used
in this report end Goodman's” data for 30/350 Pentolite yielded the TNT to Pen-

3- tolite converaion factora listed in Table V.
r Teble V
L TNT-Pentolite Conversion Factors-This Report
%‘ z Conversion ‘actor

460 1.20
3 887 1.06
» 1.38 1.10
f

»
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(1}

2,12
2,96

4.2)

Rased on these results, the correction tactor of 1.l given {n reference 1

appears to be a reasonsble average value.

Table V (Continued)

38
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V.  FRESENTATION OF SELF-CONSISTENT DATA

This section presents large acale log-log plots of the self-consistent
blaat data generated by thia study for une pound of TNT detunated in free air.

Figure 3 preaenta the ahock front values of the verioua blast parsmeters
as functions of scaled distance trom the charge ¢snter.

Figures 4, 5, and & present spuce-time plots of overpressure, particle
velocity and density, in that ovder,

These figures are to be found at thé end of this report.

nd_for Figure 4 and
Symbole:
-A-: a gide-on overpressurs, atwmospheres
s ghock velocity, dimensionlese
e particle velocity, dimensionless

s density, dimensionless
o scaled dlatance, lt/lt.\u3

== " scaled time, ullb”’

-A:‘-{n « scaled posttive duration, me/1b'/3

s distance, ft

R
U] s weight of THNT, 1b

sonic velocity, ft/esc

a
o

[}

39




P = pressure, psi ' :

Subscripts:
s = shock front
o = ambient atmosphere

The line labeled interface on Figures &, $ and O designates the

boundary separating aivr from explosion gas,

w0 i
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VI, DISCUSSION

1n this report, we have presented a salf-consistant set of blast r
wave pruperties thet characterize the psremeters associsted with detonations of
INT explusive. This self-consistent sat of blest wava propertics hus been
genersted from. a marrisge of the erperimental data collectad and recorded by
various axperimenters with the theoraticel computationsl technique develuped by
personnal of the Alr-Ground Explosions Division of the U, $, Naval Ordnance
Laborstory, White Oak, Silver Spring, Maryland, The datsils of this computationsl
cechniqua are described in refaranca 50. Tha axperimentally dac'ornlmd dats
appliad in the theoratical-axperimentsl comparison study ducﬂbgd in this
vaport have been extractsd primsrily from raferencas &, 6, 17, 19, 25, 29, and
0. Other sourcaa of aperimental dats end other theoretical analyses have
been raviawed and discussad in this report primarily te provida sn overall,
comprahensive wxamivation of the prasant state-of-the-art with respect to blaat
vavs chavecteriatics.

The graphicsl fermat used for prasantation of the aelf-conatstent set
of TNT blast weve propartias wes chosen primarily to correspond to tha format
spplied by Baker and Sehwnl for a aimilar prasantation of Pantolite properties.
In addition, the acala of these grapha has bean aelected to provide thrae-place
vvading sceuracy for the entira scaled distanca range covered in thesa charts.

During the affort expended iun this study thet wes concarned with
evaluating the veri{nus sourcas of axperimental date, it wes clearly avideat
thet the ovarpressuras and errival times mgasured hy difeient experimenters

tended to agree quite well. MNowevar, the duration time mesaurements were quita

41
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scattered, even for dats extracted from @ single reference. (As noted previcuely,
the duretion dsts obtained from reference 30 was the bsst of such data found
during this scudy), It is ouuuM chat future experimental blsst wave detona-
tion progrsms make an sttempt to ovsrcome the deficisnciss now essuciatad with
durution time measuremenis. Morsover, it is suggested that in future detonation
tests the measurement of embient puu'uu snd tumpersture be emphasieed es baing
ss importsnt ss the collection of the blast data itself. Nucii of cthe dats
found during <his study could not bde used dus to the complete lack of such
int rmatcion.

The curves presented in this rsport ars !gl: to reprassnt the dest
fic of the NOL cumputational results to the enisting experimental data. Ae
such, thase curves cen be used to plem future experimantal test programs, the
data from which can then be used to verify the results {llustrated in this
report. As more such data bscomas svsilabdle, u' may be evident thst the surves
prasented in this report require edjustment end/or vevision. To ineure the
continuing usefulness of this resort, it {s suggested that Lhe curvee ‘puul“d
in chis raport he upleted 88 required by sdditionsl, futurs data. 1In sddition,
it is suggeated that consideretion be given to conducting s program similar to
the one discursed in this repnrt for Pentolite explosive. Although reference 1
presents similer data far Pentolfte, these Jata ers based on s marvisge of

) theoretical cslculations for INT with coodun'oz experimental data for

Brode's
Pentolite. Since the theoraticel oulyﬂ.oso spplied in thie report eppesrs to

agree with experiments] date hetter than the theory edvanced by lro‘c’. end sinve

42
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this snalysis could be recomputed for Pentolite explosive, it would be worthuhile
to compare Goodmn'l2 dete to this theoreticel approech. Re-eveluation of the
data prescnted in reference 1 would, it is believed, : . s>ve eome of the incon-
sistencies apparent {n the results of reference 1. In effect, thie re-evaluation
would provide e better basis of comparison of Partclite and TNT Jeionatione

then is eveileble et the present time. -
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APPENDIX

A.  Plast Parameters Baged on Sachs' Scaling Lawe

The ratios presented in chis section define .he rvelevaui

blast vave parameters formulated from analysis of the general laws of

similicude originally proposed by Suhlu and experimentally verified by

variour experimentcrs (c.g. references 2, 6, 7, 9, 10, 12). Since theve

ae various veferencea that discuns the details of these scaling analyses, they

will not he presented in this section, (The interested reader is vefered

in parcicular to the paper by Sportnu” for derivations of the scaled

Blast wave parameters), Rather, this brief section will be limited to

listing the form of these blast wave parameters as obtained from app) ication

of the general similitude relstionships of Sacha that account for variations

in amhient pressure, tempctature, and sine of charge.

Scaled Blast Pacameter Descciptiog Tupical Units
A’II 7 Scated Overpressure psi
L= 1/3
-l——-i-h - Scaicd lmpulae pai-maec/lb
(LA
——!-m— - 2 Sceled Distance ll:/lb”3
(UI?)
) Scaled Shock -cellb‘“
173 Arzivel Time
(u/;)
o3 ; Scaled Positive -Cellb”)
— . Duration Time
(W, )
Su

.
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in this Listing, in addition to the symbols defined in Table I

of Section 11A of this report, the following symbols are defined:

- Eg__ Ratio of Ambient pressure

P 7 g to that at sea~level

- A Ratio of ambient sound velocity
al ﬁ-ﬁ' to that at sea-level

1t is to be noted that in both this listing and in Table 1
of Section 11 A the symbol W in used to denote the “effeceive free-air
charge welght,” By this {s weant that for detouations close to 'the ground,
the actual weight of the charge {» to be multiplied by the ground reflection
factor to account for the enhancement of the strength of the blast due to

the presence of & ground (reflection) plane.

L)}
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3, Runkince = Hugoniot Relatianships

The basic relationships among the properties of a blast
wave are derived from the Rankine-Hugonfot conditions based on thc con-
servat. n of .uass, onerey, and momentum at the shock front. These conditions,
together with the equation of state for air, permit the velationships between
shock velocity, particle velocity, overpressure, dynamic pressure, and the
density of the air behind the shack front to be derived. These relationships
will be presented in this section without decivation, in order to provide
the reader with expressions relating the varicus biast wave purameters
that are applicable for, at least, shock front velneity = to = lqblent
sound speed rartios less than two (overpressures less than, approximataly, 4.5
atmospheres)®*, Fo: those interested in the derivation and giscuasion of

these relationships, reference to the texts edited by Glasltoness and

authored by Courant and Fricdricks™® should be made. The following nomenclature

listing defines the symbols used in the equations presented in this sectioa.

Symbol Definiticn
a amhbient sound speed
(ahead of shock)

P, ambient pressure
(ahead cf shock)

reall dynamic pressure

particle velocity
(hehind shock)

peak uvvesponteury

q
u

s
ZB’ retlected vvogpressure
Y shock froat velocity
) density behind shock
Po

amhivnt density
(aheat of shock)

See teivsence 33for the trchniqur“ t: he annlic! te casen exceeding this
limie.
52
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The relevant cquations relating these parameters are:

Gfxr ‘/2
U=a,l |+ =
7P° )
o e 58P
g T Pe <| + 64Pt) )
\ s ()

v E Sl

7+ S

s Pe
p ﬁﬂ AP’ y
o .

T+

7p. + 4opy
AP * 2 4P (—:;P:-;—:;:

The folloving curve has been extracted from Glasstome »

{Figuce 3.80) and is presented i{n this repart in order to {llustrate the

character of tiese equations,

33
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